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Abstract:
A phenomenon observed in E.coli K-12 is that one can readily isolate an F- cell from the edge of an F+
population in a swarm. The present study attempts to assess the role of various factors possibly
responsible for this phenomenon.

In these experiments a method to visualize the formation of F-populations within motile swarms of F+
cultures in motility medium was developed. The new technique employed the following two aspects:
(1) Lactose and 2,3,5-triphenyl tetrazolium chloride as an indicator were added to the motility medium;
thus any zone of Lac- cells will be red while Lac cells will be white. (2) A recA-lac-/F'-lac+
merodiploid (F42/JC1553) was used in which the lac+ gene marked the fertility factor, and the former
was prevented from crossing over to the bacterial chromosome by the presence of the recA~ gene; thus
any Lac- phenotypes which arise in a Lac+ strain will represent the loss of the fertility factor.

In this strain, the rate of F factor reinfection in unagitated liquid culture is estimated to be 0.08 percent
where the cell concentration is 5x10/ml for both F+ and F- cells. The cell density at the area just ahead
of the visible edge of a swarm is found to be less than 5x104/ml; this is the generative part of the
swarm giving rise to the majority of cells in subsequent enlargements of the swarm. Furthermore, the
movement of cells in the swarm is highly non-random; that is, related cells tend to be associated in the
same sector. The low cell concentration experienced by ancestors of swarm edge cells together with the
geographical isolation of clones within a swarm automatically minimizes the probability of reinfection
of newly arisen F- clones.

During the formation of a swarm most initial "flares" that extend beyond the major swarm area contain
only F- cells; thus either selection of F- cells per se or enhanced loss of F factor in fast cells or both are
involved. Since selection (faster swarming of F- cells) has been demonstrated elsewhere, this is
probably the important factor here.

The basic rate of spontaneous loss of the fertility factor at 37°C in a liquid medium is about 3x10-3
losses per cell division. The high rate of spontaneous loss of the F factor, the selective advantage of F~
cells, and the minimization of reinfection in swarms seem to be the major factors responsible for the
ease with which F- cells can be isolated from F+ swarms. 



LOSS OF THE F FACTOR BY ESCHERICHIA COLI IN 
MOTILITY MEDIUM

by

CHENG WOU YU

A thesis submitted in partial fulfillment 
of the requirements for the degree

of
DOCTOR OF PHILOSOPHY 

in
Genetics

Approved:

Chairman, Examining Committee 

Head, Major Department

MONTANA STATE UNIVERSITY 
Bozeman, Montana
September, 1975



iii

The author wishes to express his appreciation to Dr. P . D. Skaar, 
major advisor, for his patience, guidance, suggestions, and corrections 
during the course work and the completion of this manuscript.

Appreciation is also extended to Drs. K. D. Hapner and E. R. Vyse 
for their constructive criticism and corrections in the preparation of 
this thesis. Grateful acknowledgment is made to Drs. D. G . Cameron,
M. B. Moss, J. R. Schaeffer, S. R. Chapman, and G . A. Taylor for their 
suggestions regarding the manuscript and for their willingness to serve 

on the examining committee. Also thanks to Dr. N. M. Nelson for the 

use of some of his facilities and the valuable discussions I have had 

with him.
An acknowledgment is due to the.Biology Department for the use 

of laboratory facilities and for a teaching assistantship they have 
provided throughout the period of study at Montana State University.

A special thanks to his parents and his wife; for. without their 
encouragement and assistance the completion of this thesis would not 

have been possible.

ACKNOWLEDGMENTS ■



iv

Page
VITA....................................... .................. ii
ACKNOWLEDGMENTS....'..................... .......... ...........  iii
TABLE OF CONTENTS...............................................  iv
LIST OF TABLES.................... '...... ....... ............. .. vii
LIST OF FIGURES........................ .............. ......... viii

LIST OF PLATES..........................    ix
ABSTRACT.............. ....................... .. ............... . x
INTRODUCTION.............................. ........ ............  I
MATERIALS AND METHODS.................. '............. ...........  4

Bacterial Strains....................... '............... 4

Media and Supplements.............. ......... . .. i . ......... 4

Methods......................       6
Transferring in motility medium and isolation of an F . 6

Measurement of swarming rate........................     7
Calculation of reinfection...................   7
Measurement of the rate'of spontaneous loss of the 
fertility factor...................................   8

Median culture method............................  8
Negative culture method.......................... 8

RESULTS............................      10

Background Studies of Strain F42/JC1553..........     10

TABLE OF CONTENTS



Page
The behavior of F42/JC1553 on motility medium......... 10

Swarming rate. ............................... . 10
Isolation of F cells from swarms................ 12

Rate of reinfection in liquid medium................. . 12
Rate of loss of the F factor in liquid medium.........  14

Character of segregated colonies........  14

Measurement of rate of loss of F factor 
in F42/JC1553.............       16

Rate of F factor loss in median
culture method...................   18
Rate of F factor loss in negative
culture method..........    18

Behavior of some motile strains in motility (TZ) medium.... 21
Mixture of W1895 and AB266 in motility (TZ) medium.... 21
Adding MSU2000 to MSU2002 in motility (TZ) medium..... 22

Swarming rate of F42/JC1553 on motility (TZ) medium........ 23

Growth events of a swarm................ .............  23
Early stage............      23
Middle stage...........   24
Later stage.................................■.... . 24

Latest stage..................................... 25

Analysis of Lac+ and Lac- in different portions
of a swarm................     25

V

TABLE OF CONTENTS CONTINUED



Page

Determination of cell densities in a swarm............ 26

DISCUSSION AND CONCLUSION.......... ................... ........ 30
SUMMARY............... .........................................  33
LITERATURE CITED....................... ....... ................. 36

vi
TABLE OF CONTENTS CONTINUED



vii

Page
Table I. Bacterial strains...................... . ............  5
Table 2. Swarming rate (mm/hr) of six strains.................. Il
Table 3. Frequencies of reinfected F- cells at various 

cell concentrations and after various times of 
joint incubation.. ....................................  15

Table 4. Calculation of the rate of F-factor loss' by the
median culture method........ ........................  19

Table 5. Calculation of the rate of F-factor loss by the
negative culture method..... . 20

LIST OF TABLES



viii

. LIST OF FIGURES
' . Page

Figure I. Swarming rate of F42/JC1553 in motility medium
as a function of inoculum size....................... 13

Figure 2. . Proportions of Lac+ and Lac cells in different 
parts of a middle and later stage of swarms.......... .27

Figure 3. Cell densities within a young and an old swarm........ 29



ix

Page

Plate I. A swarm (at middle stage) in a motility (TZ) medium.... 35
Plate 2. A swarm (at later stage) in a motility (TZ) medium.

A flare is represented by A ....... ................... . 35 .

Plate 3. Sectors of different swarms in a motility (TZ) medium.. 35
Plate 4. Direction of swarming in a motility (TZ) plate........  35

LIST OF PLATES



X

ABSTRACT
A phenomenon observed in E_. coli K-12 is that one can readily 

isolate an F~ cell from the edge of an F"*" population in a swarm. The 
present study attempts to assess the role of various factors possibly 
responsible for this phenomenon.

In these experiments a method to visualize the formation of F~ 
populations within motile swarms of F+ cultures in motility medium was 
developed. The new technique employed the following two aspects: (I)
Lactose and 2,3,5-triphenyl tetrazolium chloride as an indicator were 
added to the motility medium; thus any zone of Lac- cells will be red 
while Lac cells will be white. (2) A recA~lac~/F'-Iac^merodiploid 
(F42/JC1553) was used in which the Iac+ gene marked the fertility fac
tor, and the former was prevented from crossing over to the bacterial 
chromosome by the presence of the recA~ gene; thus any Lac- phenotypes 
which arise in a Lac+ strain will represent the loss of the fertility 
factor.

In this strain, the rate of F factor reinfection in unagitated 
liquid culture is estimated to be 0.08 percent where the cell concen
tration is SxlOvml for both F+ and F- cells. The cell density at the 
area just ahead of the visible edge of a swarm is found to be less than 
SxlO^/ml; this is the generative part of the swarm giving rise to the 
majority of cells in subsequent enlargements of the swarm. Further
more, the movement of cells in the swarm is highly non-random; that is, 
related cells tend to be associated in the same sector. The low cell 
concentration experienced by ancestors of swarm edge cells together 
with the geographical isolation of clones within a swarm automatically 
minimizes the probability of reinfection of newly arisen F- clones.

During the formation of a swarm most initial "flares" that extend 
beyond the major swarm area contain only F- cells; thus either selec
tion of F” cells per se or enhanced loss of F factor in fast cells or 
both are involved. Since selection (faster swarming of F- cells) has 
been demonstrated elsewhere, this is probably the important factor 
here.

The basic.rate of spontaneous loss of the fertility factor at 37°C 
in a liquid medium is about 3x1O- losses per cell division. The high 
rate of spontaneous loss of the F factor, the selective advantage of 
F~ cells, and the minimization of reinfection in swarms.seem to be the 
major factors responsible for the ease with which F cells can be 
isolated from F swarms.



INTRODUCTION

The sexuality of bacteria was not clear until 1946, when Lederberg 
and Tatdm showed that mutants of Escherichia coli K-12 could recombine 
genetically with each other. During the early 1950's, the determina
tion of bacterial fertility was under study in several laboratories, 
especially by Lederberg in Wisconsin and by Hayes in London. It was , 
discovered that certain ("male") strains of E. coli contain an extra- 
chromosomal genetic element known as a sex factor, and that a cell of 

this type is capable of transferring its genetic material to a recip
ient "female" cell, which lacks a sex factor (Lederberg, Cavalli and 
Lederberg, 1952; Hayes, 1953; Cavalli, Lederberg and Lederberg, 1953).. 
The male determining factor is called the fertility factor, or F factor, 

or in shart, F. Strains, containing this fertility factor are referred 
to as F+ , those without as F“ (Lederberg, Cavalli and Lederberg, 1952; 

Hayes, 1953). The F factor is a double helix DNA molecule with a 

molecular weight of 63x10? daltons (Low, 1972). A fertility factor can 

replicate autonomously in a host bacterium, or it can integrate into 
the bacterial "chromosome". In the latter case, the male cell is call
ed Hfr (Cavalli-Sf orza, 1950) . Sometimes chromosomal gene's come to be 
associated with the autonomous sex factor by a reciprocal recombination 
process; in such cases the F factor is referred to as F prime, or F' 

(Jacob and Adelberg, 1959),
Several strains of E_. coli including K-12 are motile by virtue 

of several flagella distributed around the cell. When a motile strain
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of Ey coll is inoculated in a semisolid agar (motility medium), some 
of the bacteria swim away from the site of inoculation while the others 
remain in the center.

Transferring an F+ strain in motility medium and selecting from 
the edge of swarm enable one to isolate an F- strain from an F popu
lation. Skaar et_ al, (1957) concluded that F~ cells swim faster than 
F"*" cells and that this was a sufficient explanation for the above 
phenomenon. The apparently complete stability of the swarm derived F- 

cells together with the fact that they can readily be reconverted to 
F+ cells argue that these cells are neither phenocopies nor defective 

F+ but have indeed lost their fertility factors.
It has been known for a long time that the sex factor (or F ’) in 

an F-*" strain can be lost (Jacob and Wollman, 1961) . To use the F prime 
lactose (Ft-Iac+) as an example, lac-/F'-Iac+ cells will segregate 

bacteria which have the Lac- phenotype at a rate of about IO-  ̂segrega
tions per cell division (Jacob and Adelberg, 1959). However, these 

segregants include both F- cells and homogenotes Iac-ZFt-Iac- .
IF- cells can be obtained with high frequency from F strains fol

lowing treatment with different materials (a curing effect) such as 
acridine dyes (Hirota, 1960; Bastarrachea and Willetts, 1968), rifampin 

(Bazzicalupo and Tocchini-Valentini, 1972; Riva et al, 1972), thymine 
deprivation (Clowes at al, 1965), filamentous phage Ml3 (Palchoudhury 

and Iyer, 1971), or following growth at 43°C (Stabler and Adelberg,
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1972). The mechanisms underlying spontaneous loss and curing are still 
not understood.

Most attention in the past has been focused on the curing pheno
menon. Few studies on spontaneous loss', especially in motility medium, 
have been done. The present studies are. aimed at testing the "spon
taneity" of fertility factor loss on motility medium and at defining 
the factors that are responsible for the ease with which F- cells can

be isolated on this medium.



MATERIALS AND METHODS

Bacterial Strains
The bacterial strains employed are listed in Table I. All are 

derived from E_. coli K-12. Strains AB2463, NH4104, F42/JC1553 and 
JC1553 were obtained from E_. coli stock center, Yale University. 
MSU2000, MSU2001, and MSU2002 were isolated by the author.
Media and Supplements

Final concentrations are given as grams/Iiter of distilled water 
unless otherwise indicated. Media were sterilized in an autoclave 
(AMSCO) at 24 pounds pressure for 20 minutes before use.

Nutrient agar: Difco Nutrient Broth 8.0, NaCl 5.0, agar 15.0.
Penassay Broth (PB) : Bacto-Beef Extract 1-5.0, Bacto-Yeast Ex

tract 1.5, Bacto-Peptone 5.0, Bacto-Dextose 1.0, NaCl 3.5, K^HPO^ 3.6, 

KH2PO4 1.3.
Eosin Methylene Blue Agar (EMB): Bacto-Casitone 8.0, Bacto-Yeast

Extract 1.0, NaCl 5.0, K2HPO4 2.0, Eosin Y 0.6, Methylene Blue 0.065, 

sugar 10.0, agar 15.0.
Motility Medium: Bacto-Peptone 10.0, Bacto-Yeast Extract 3.0,

Bacto-Gelatin 8.0, NaCl 5.0, agar 4.0-.
Motility (TZ) Medium; Bacto-Peptone 10.0, Bacto-Yeast Extract 

3.0, Bacto-Gelatin 80.0, NaCl 5.0, agar 4.0, lactose 10.0, 2,3,5- 

triphenyl tetrazolium chloride 50 mg. The carbon source is added 

after autoclaving.



Table I. Bacterial strains

Strain
Malting
type

lac
Genotype Auxotrophic markers

Other markers 
and properties

W1895
MSU2000

HfrC 

HfrC •

Iac+

Iac+

met-

met
rec+ ,

+rec ,

Strs

strs, fast swarming
AB266 F- lac™ thr- , 

pro-
leu- , thi™. +rec , Strr

MSU2001 F+ lac-/lac+ th£™ >pro
leu-. thi™. rec+ . Strr , F42 episome

AB2463 F™ lac- thr- ,
h s T »

leu- , 
his™.

thi- , 
pro-

recAl3, strr

NH4104 F+ Iac-Zlac+ thr- ,
his-.

leu- ,
pro-

thi- , ■ ■ ' +rec , stfs, F42 episome

F42/JG1553 F+ Iac-Zlac+ arg-,
leu- ,

met- ,
pro-

his-. recAl, strr , F42 episome

MSU2002 F- lac- arg- , 
leu- ,

met-,
pro-

his-. recAl, stfr, fast swarming

JC1553 F~ lac - arg™,
leu-

met™, his-, ' recAl, Strr
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Tetrazolium Indicator Plates (TZ) ; Methods for preparing this 

medium are described by Ohlsson et al., (1968). Bacto-Beef Extract 

1.5, Bactb-Yeast Extract 3.0, Bacto-Peptbne 6.0, agar 15.0, 2,3,5- 
triphenyl tetrazolium chloride 50 mg, Lactose 10.0, 2,3,5-^triphenyl 
tetrazolium chloride heating before autoclaving. After autoclaving, 
the carbon source is added to a final concentration of 1%. Oh this 
medium, colonies which utilize the sugar are white, those which do not 
are red, and strains suppressed for sugar utilization are intermediate 

shades of pink.
M medium: Bacto-Peptone 10.0, Bacto-Yeast Extract 3.0, NaCl 5.0.

M medium (TZ): 2,3,5-triphenyl tetrazolium chloride 50 mg, Lactose

10.0 are added to M medium.
Saline; NaCl 8.6.
Streptomycin; Dihydro-streptomycin sulfate 250 mg/ml.

Methods (Unless stated otherwise cultures were incubated at 37°C)

(a) Transferring in motility medium and isolation of an F .
An overnight PB broth culture of F42/JC1553 was diluted to a 

concentration of IO7 cells/ml. A loopful of bacteria was deposited in 
the center of a motility medium which was then incubated for 18 to 24 

hours with plate face up. The next transfer was made by placing a 
loopful from the edge of the swarm of the first day in I ml of saline.
A loopful of this diluted culture was then immediately transferred to 

a new plate. Simultaneously, a loop of diluted culture was further
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diluted and its cell types are assayed by plating on tetrazolium plates. 
Lac"*" (or F+) and Lac" (or F-) colonies were scored by the different 

colors of the colonies after 18 to 20 hours of incubation. This method 
was repeated for several days until a completely F swarm was isolated. 
Bacteria from the edge of a swarm were streaked on tetrazolium indicator 
plate and an insolated colony was selected. This isolated colony was 
checked for its chemical markers and a slant was made.

. (b) Measurement of the swarming rate.
F42/JC1553 was transferred in motility medium as described in. (a) 

and each transfer is referred to a passage. After incubation of each 
transfer, the radius of the swarm was measured by a ruler in terms of 
mm at the time of making a new transfer. Swarming rate was then, 

calculated by dividing the radius by the age of the swarm (time of 
incubation).

(c) Calculation of reinfection

The method is similar to that described by Hayes (1968). A log 

phase broth culture of an Lac+ F+ strain (F1-Iac+) and a Lac- F- 
strain of equal population densities and dilutions of this culture were 
mixed in equal amounts. The former carries a streptomycin sensitive 
gene and the latter resistance. At various times samples were removed 
from the mixture, diluted and plated on EMB lactose agar plates which 
had been spread with 0.1 ml of streptomycin. Plates were then incubated 

for 16 to 18 hours and Lac+ and Lac- colonies were counted. All Lac+
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phenotype colonies were attributable to a transferring of the F prime 
(F1-Iac+) from the donor strain (strf) to the recipient (strr). A 
control plate was made to prove the killing effect of streptomycin on 
the donor strain.

(d) Measurement of the rate of spontaneous loss of the fertility 
factor

Median culture method: Overnight PB broth culture of
F42/JC1553, an F+ Lac+ RecA- strain with genotype lac-recA-/F'-lac+ , 
was diluted to concentration of IO^ cells/ml and a sample of 0.1 ml 
of the diluted culture was transferred to 9.9 ml of M medium for 
further growth. The M medium was incubated in a water bath till the 
estimated population density in the tubes exceeded 10^/ml but was not 

more than 4xl0^/ml. All the tubes were removed and immediately dipped 

into crushed ice to stop cell division. A I ml sample was taken from 

each tube and 0.1 ml was plated on 10 tetrazolium indicator plates 
which were then incubated for 18 to 20 hours. The total number of 

colonies and Lac phenotypes (with red color) on each plate were counted. 
From the median number of mutants a mean number of mutants per culture 
can be calculated from the chart published by Lea and Coulson (1949).

From this, an estimated mutation rate was then obtained.

Negative culture method: An, overnight culture of F42/JC1553 was
diluted to a concentration of 10 - SxlOz cells/ml. The bacteria were

inoculated into either 10 plates or 10 tubes. In the "plate method",
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0.2 ml of bacteria was spotted on the center of a tetrazolium plate 
(TZ) and incubated for 2.5 to 3 hours with plates face up and then 
spread at the end of incubation. Plates were then reincubated for 18 
hours. The number of plates on which Lac- phenotype did not occur was 
scored. In the "tube method", 0.1 ml of diluted culture was inoculated 
into a tube with 0.9 ml of M medium. Tubes were incubated for 2.5 to 

3 hours. At the end of incubation period the tube was poured onto a 
TZ plate and spread. The empty tube was washed with 0.5 ml of saline, 
then poured on other TZ plate and spread. This was repeated once more 
to wash the bacteria out of the tube more completely. The tetrazolium 
plates were incubated for 18 to 20 hours. The fraction of plates (or 
tubes) which did not contain any Lac- cell(s) (with a red color accu
mulated in the colony) was scored; this fraction is Pq. From the 

Poisson term Pq = e*m ,' the mean number of mutations per culture can 
be calculated. Division of m by the total number of cell divisions 
that have occurred in the.culture gives an estimated mutation rate.



RESULTS
Background Studies of strain F42/JC1553 ■

In order to facilitate studies of the loss of F factor on motility
medium, the strain F42/JC1553 was used. This strain is a lac-/Iac+
heterozygous merodiploid in which the Iac+ allele is associated with
the F factor. The genotype for this heterdgenote is recA~lac~/F'-Iac+ .
This strain is also RecA, thus obviating either any confusion of true
F factor loss with crossing over leading to a Iac-ZFt-Iac homozygous
merodiploid, or any undetected loss of the F factor which occurred after
a reciprocal recombination involving the lac- and Iac+ alleles resulting

in a Iac+ haploid. Any loss of the F '-Iac+ will retard this bacterium's

ability to utilize lactose as well as the ability to convert an F- 
+strain to an F .

Since the early work on derivation of F- cells on motility medium 
employed Rec+ cells carrying a wild type F factor, it was necessary 

first to 'Verify certain properties of F42/JC1553.

The behavior of F42/JC1553 on motility medium
Swarming rate. Table 2 illustrates the increase in swarming rate 

exhibited by six genetically different strains during repeated passage 
on motility medium (the method of calculating swarming rate is justified 

by the generally linear growth of swarm radii shown in Figure I). All 
strains exhibit a progessive increase in swarming rate, but it will be 
noticed that the RecA- strains are less responsive. This could be a 

mere coincidence, since no two strains are isogenic except for the recA



Table 2. Swarming rate (mm/hr) of six strain.

Passage 0 I 2 3 4 5 6 . 7 8 9 10 11 12 13 14
Age of swam at time 
of measurement (hrs)

23 22 9 15 10 15 18 17 10 27 22 21 21 21 21

Strain sex rec
W1895 Hrf + 1.2 1.7 2.1 1.9 2.0 2.1 1.9 2.6 3.6 - - - - -
AB266 F~ + 1.1 1.5 1.7 1.6 1.6 1.8 1.8 2.3 3.3 - - - -
AB2463 ■ F" ■ - 0.7 0.7 0.7 0.7 0.6 0.9 0.8 0.8 0.8 — - - - -
NH4104 . F+ ■ + 1.2 1.7 2.0 1.9 1.7 1.9 . 1.8 2.4 3.2 - -
F42/JC1553 F+ - 0.5 0.7 0.6 0.9 0.7 0.8 0.9 1.2 0.8 1.3 1.3 1.5 1.6 1.7 1.7
JC1553 F- - 0.6 1.0 1.1 1.3 0.8 0.9 1.1 1.2 0.9 1.3 1.4 1.5 1.6 1.7 1.7

The inoculum for the initial passage was I loopful (about 0.025 ml) of an overnight 
PB culture. Subsequent inoculations were single loopful picked from the visible edge 
of the swarm from the preceding passage at the time of its measurement. Rates given 
were derived by dividing the radius of the swarm (in mm) by its age (in hours).
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locus, or it could be a reflection of different growth rates. On the 
other hand, it could mean that one component of enhanced motility is 
a phase variation shift under recA control (Lederberg, 1973). It will 

also be noticed that strain JC1553, isogenic with F42/JC1553 but 
lacking the F r factor, is in this experiment slightly faster than 
F42/JC1553 in the first few transfers. Although the repeatability of 
this difference has not been tested, it is consistent with the findings 
of Skaar jet al_ (1957) on other isogenic F+ and F- strains. Furthermore, 
an interesting finding is that the initial cell concentration of inocu
lation is also a factor which influences the swarming in terms both of 

the time swarming starts and eventual swarming rate (Fig. I).
Isolation of F cells from swarms. Despite the fact that F42/ 

JC1553 never swarmed as fast as the Rec+ strains tested, it was re

latively easy to isolate Lac (or F") cells by streaking from the edge 

of swarm after they had shown some degree of motility enhancement, 
particularly if one selected from the fast "flares" that appear on the 

early passages.
Rate of reinfection in liquid medium

F^ cells rapidly convert F~ cells to F+ when the two are mixed in 
high densities. Such reinfection is an obvious factor to be considered 

in understanding the origin of F- from F+ cells on motility medium. 

Therefore the efficiency with which NH4104 (F+) converts the F- strains 
AB266 and MSU2002 was measured at various concentrations and at various
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Hours after inoculation

Figure I. Swarming rate of F42/JC1553 in motility medium as a function 
of inoculum size. A loopful (about 0.025 ml) of F42/JC1553 
was transferred to motility medium and the radius of the 
swarm was measured at 3 hour intervals. The circles repre
sent measurements of a swarm derived directly from an over
night PB culture (inoculum = ca. 2.5xl0°/ml). The trian
gles represent a swarm derived from a similar inoculum 
diluted about 1/400. The squares represent a swarm derived 
from an inoculum diluted about 1/4000.
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times of joint incubation in- PB and M medium. The results shown in 
Table 3 reveal no marked difference in the efficiencies with which 
AB266 and MSU2002 are reinfected, nor in the efficiency of reinfection 
in PB (a common medium for earlier experiments) and M medium (the 
liquid equivalent of motility medium). Furthermore, although NH4104 

carries the episome F42 (as does F42/JC1553) the rates of reinfection 
are not markedly different from those described for wildtype F. It 

will be noted, incidentally, that the reinfection process does not seem 
to follow simple second order kinetics. Specifically, the conversion 
event is disproportionately high at low cell concentrations. The reason 

for this is not clear.
Rate of loss of the F factor in liquid medium

Character of segregated colonies. Streakings of overnight PB 

cultures of F42/JC1553 on tetrazolium plates usually contain some Lac- 
segregant colonies. These segregant colonies are stably F- and are

J.readily reconverted to F when grown with F cells. This indicates 
that they have indeed lost their fertility factors (Maas, 1963; Echols, 
1963; Scaife and Gross, 1963). Similar streaking of a Rec+ F+ strain 
MSU2001 (Iac-ZFt-Iac+), show a much higher rate of segregation. In .

.a Rec+ strain it is possible to obtain a Lac- phenotype from a lac~/

F 1-Iac+ heterogenote in the following three ways: (I) simple loss of
the F factor. (2) reciprocal recombination between F 1 factor and 

bacterial chromosome involving an insertion of the F factor and loss



Table 3. Frequencies of reinfected F- cells, at various cell concentrations and after various 
times of joint incubation.

Coac. of
each con- _______________________________ ■ (A)________________________[_______  _______(B)______ _______(C)
ponent at (Time of joint incubation) _ (Time of joint incubation)
mixing ____ 40 min____  , 70 min_____  _____100 min____  _____180 min____  _____40 min ____ 40 min
(Cells/ml) Lac+ Total % Lac+ Total % Lac+ Total % Lac+ Total % Lac+ Total r .Lac+ Total %

IO8 44 690 6.4 324 1821 17.8 311 1160 26.8 599 1549 38.7 136 1382 ■ 9.8 95 1163 8.17
IO7 34 839 4.1 54 933 5.8 94 864 10.9 506 1303 38.8 20 817 2.5 19 1304 1,45
IO6' 10 600 1.7 22 561 3.9 15 335 4.5 283 1175 24.1 11 1243 0.9 9 1182 0.72
105 6 621 1.0 3 . 487 0.6 8 573 1.4 34 523 6.5 0 1034 0.0 I 1126 0.08
IO* 0 451 0.0 0 302 0.0 0 276 0.0 17 527 ' 3.2 0 1046 0.0 0 1258 0.00
IO3 0 435 0.0 0 • 305 0.0 . 0 329 0..0 2 1190 0.2-. 0 1123 ‘ 0.0 0 1054 0.00
IO2 0 226 6.0 0 216 0.0 0 304 0.0 3 1670 0.2 0 275 0.0 0 249 0.00

In part A NH4104 used as the donor strain and AB266 as recipient and growth was in PB. Fre
quencies of Lac cells were determined by diluting and plating on-EMB latose agar plus strepto
mycin. In part B NH4104 used as the donor strain, AB266 as recipient; in part C NH4104 used 
as the donor strain and MSU2002 as recipient. In both parts, B and C, growth was in M medium 
and the frequencies of Lac cells were determined by diluting and plating on tetrazolium 
plates plus, streptomycin.
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of the formerly associated Iac+ allele, leading to a haploid Lac-Hfr.

(3) crossing over between F factor and bacterial chromosome resulting 
in a lac-/lac- homozygous merodiploid. Twenty two segregated Lac- 
phenotypes were isolated from an overnight culture of MSU2001 and 
were checked for their F status. ■ It was found that 9 of them were Iac- 
(F-), 13 of them were Iac-Zlac (F+), arid none of them was Hfr. This 
explains why the segregation of Lac- phenotypes in strain MSU2001 is 

higher than that found in F42ZJC1553.

Measurements of rate of loss of F factor in F42ZJC1553. Since 
spontaneous loss of the F factor occurs in E_. coli populations, some 
knowledge of its frequency is obviously important in understanding the 
origin of F- cells in motility medium swarms. Few careful estimates 

of spontaneous loss of fertility factor have been reported. Jacob and 
Adelberg (1959) first reported that the segregation rate of Lac- pheno
types from a Iac-Zflt-Iac+ heterogenote is ICT^ per cell division. 

Ealchoudhury and Iyer (1969) reported a spontaneous loss frequency of 

the F factor of about 0.0064% in a RecA strain. However their measure
ment was made at a relatively high cell concentration (2xlO*Vml) where 
reinfection may occur. Stadler and Adelberg (1972) reported a high 
rate of F factor loss when Rec+ cultures were grown at 43°C and at a 

low cell density (less than 5x10^Zml). Besides, they also found that 
the rate of episome loss is dependent on the genetic background and 

no elimination of fertility factor was observed at 37°C in the strains
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they used. Since F42/JC1553 is a RecA strain and has a different 
genetic background from the strains used in the studies mentioned 

above, it was essential to obtain a careful measurement of spontaneous 
F factor loss in this strain. ' .

It is difficult to measure the rate of F factor loss directly in 
solid or semisolid media. Therefore this measurement was made in a
liquid medium --  M medium (which contains all the components of
motility medium except gelatin and agar, and will provide the maximal 
similarity to the motility medium), and use this figure to estimate 
the rate of F loss in.motility medium.

Since lactose and 2,3,5-triphenyl tetrazolium chloride were added 

into the motility medium in the studies of swarming. It was important 
to test the effects of these substances on F loss. Hence in the meas

urements of F loss, strain F42/JC1553 was grown in two kinds of media: 

M medium and M medium plus lactose and tetrazolium salt, M(TZ), sepa
rately. Any difference in the rate of F loss between such cultures 

will illustrate that tetrazolium salt can alter the rate of F loss.
If the rate of spontaneous loss of the F factor is constant and 

the Lac- phenotypes are not induced by the plating on tetrazolium 
plates (if induction occurs the variance of Lac- cells in different 

plates should be low), it can be treated in the same way as a bacte
rial mutation. Two methods that have been employed in the measurement 
of mutation are the median culture method and negative culture method.
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In tlte; former, mutation rate is calculated from the number of mutants 
in the median culture of a population of similar cultures. In the 
second method, the mutation rate is calculated from the frequency of 
cultures containing no mutations in a population of similar cultures.

In using either method to estimate the F factor loss, it is necessary 

that populations be kept at low cell densities (less than 5xl0^/ml) to 
prevent reinfection.

Rate of F factor loss in median culture method. Table 4 illus
trates the calculation of the rate of F loss by the median culture 
method. From the chart published by Lea and Coulson (1949), the mean 
number of mutations per culture in both media was calculated and the 
mutation rate in both M medium and M(TZ). medium were estimated to be 

4.08-4.70x10""^ and 4.17x10""^ F-factor losses per cell division respect
ively. We conclude that the presence of tetrazolium salt and lactose 

in the M medium does not induce a higher rate of F factor elimination.
Rate of F factor loss in negative culture method. Experiments in 

which the mutation rate is estimated by the negative culture method are 
summarized in Table 5. The calculated mutation rates ranged from 

7.4x10"^ to 6xl0-  ̂losses per cell division; the overall average is 

2.8xl0-3.
The mutation rate calculated by the median culture method is about 

1/6 that calculated by the negative culture method. One interpretation 

of the lower mutation rate estimated by the median culture method is



Table 4. Calculation of the rate of F-factor loss by the medium culture method.

Mean Estimated
Experi- Tetra- No. Mean Mean Median, no. no. of Median Cal. "mut. rate"
men't •zolium 'of- cell cell ft 6s of cell Lac" 65 no. of mean '( F loss
No. salts tubes per cul. per cul. M at test. in M Lac- mutations per cell

added at at time culture per per division)
outset testing culture cul. m.r.

4.08 x IOt4
I - 10 15 5.8 x IO4 0.116 5.6 x IO4 138 0.794 HO 24

(4.32 x 10-4)

4.70 x 10-4
2 - 10 15 2.5 x IO4 0.166 2.5 x IO4 80.7 0.545 71 11.8

(4.70 x IO-4)

. 4.17 x 10-4
3 + 10 15 2.8 x IO5 0.301 2.5 x IO5 800 0.586 720 120

(4.80 x 10-4)

Each tube contains 10 ml of M medium. The final cell concentration in each experiment is 
calculated per 10 ml in each culture. Lac. cells are scored by plating 0.1 ml of final 
culture on tetrazolium plate. Ss is the standard deviation of the sample; M is the mean 
of the sample. A 6s/M value is a measure of the degree of variation between samples. .The 
m.r; value in parenthesis is calculated from the median.number of. population per culture 
while others are calculated from the average population size per culture.
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Table 5. Calculations of the rate of F-factor loss by the negative 
culture method.

Exper- Total
Mean
cells

Mean
cells

Freq. of 
negative

Estimated 
"mut. rate"

ment tubes per per culture m (F-factor
number initial

popul.
final
popul.

P(= V m ) loss per 
cell div.)

I 10 179 305 (I) '
2 10 ■ 179 407 (I)
3 10 179 587 (0.6) 0.51 oo VO X IO"4
4 10 ■ 179 857 (0)
5 . 10 200 467 0.3 1.20 2.6 x IO"3
6 10 200 827 0.2 1.6 1.9 x IO"3
7 10 188 502 (0.125) 2.12 4.2 x IO"3

. '8 10 188 983 (0.125) 2.12 2.2 x IO^3
9 10 58 466 (0.33) 1.10 2.4 x IO"4
10 10 59 135 0.9 0.1 7.4 x 10"4
11 10 13' 36 0.8 0.22 6.0 x IO"3
12 10 13 75 0.7 0.35 4.7 x 10“3

m.r. = 2.8 x 10 ^

In experiments I to 10, 0.2 ml of diluted culture (in M medium) were 
spotted on the center of tetrazolium plate, incubated far 2.5 or 3 
hours with plates face up. Samples were spread at the end of incuba
tion. In experiments 11 and 12 bacteria were grown in a tube with I 
ml M medium. At the end of incubation the whole tube was plated and 
spread on a tetrazolium plate. Pq is the fraction of negative culture 
P values in parentheses are corrected P0 values, Because Lac (or 
F~) cell(s) were present in the initial population in those exper
iments, an equal number of plates were substracted from the final 
population of the same experiment.
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that greater reinfection occurred and lowered the apparent rate of 
mutation. A prolongation of incubation will increase the possibility 
of reinfection even at a very low cell concentration (see Table 3).
The incubation time was no longer than 3 hours in the negative culture 
experiment while it was 8 hours in the median culture experiment. This 
may explain why a lower estimate of spontaneous F factor elimination 
rate was obtained by the median culture method.

Behavior of some motile strains in motility (TZ) medium 
A technique was developed for the differentiation of Lac- popula

tions from Lac+ populations in motility medium. In this method lactose 
and 2,3,5-triphenyl tetrazolium chloride were added as an indicators 

into the motility medium. The new medium is termed motility (TZ) medium 

here to distinguish it from the original motility medium. In' this 

medium any location where Lac- (or F~) populations are present will be 

red whereas Lac+ (or. F+) populations will be white. Swarms of a motile 
strain of E_. coli K-12 are shown in plate I and plate 2.

Mixture of W1895 and AB266 in motility (TZ) medium
For the purpose of testing whether one can distinguish a Lac+ 

population from a Lac- population in a mixture of both in a swarm, 
overnight cultures of W1895 and AB266 were mixed in equal amount and 
diluted to about 10^/ml (5xl0^/ml for each kind). Then an inoculum of 
about 30 cells was deposited in the center of motility (TZ) medium and 

the plate was incubated for 24 hours. Sectors of different colors
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appear on the plate after 24 hours.of incubation (plate 3). The red 
and white sectors represent AB266 and W1895 swarms respectively. This 
result shows that motile strains tend to swim outward and form a 
sector; that is, cell with a similar genotype tended to be close 

together.

Adding MSU2000 to MSU2002 in motility (TZ) medium

To test movements within a swarm on motility (YZ) medium, a loop
ful of a log phase PB culture of MSU2002 (cone. IO^ cells/ml) was 
inoculated in the center of a motility (TZ) medium and then incubated 
for 4 hours until the swarm had reached a radius of about 1.5 cm. Then 
a loopful of MSU2000 (cone. 10 cells/ml) was inoculated on the same 
plate in 4 different locations with respect to the swarm edge (visible 

ring): (A) inside, (B) on the visible ring, (C) just outside the

ring, (D) 6 mm far outside the ring, and the plate was incubated for 

another 6 hours. . The final configuration is shown in plate 4.
MSU2000 could form a sector reaching the outside of the total swarm 

when it was inoculated either outside or on the preceding swarm edge 
of MSU2002 (the dotted line), but not inside the swarm. No swarming 
toward the center was observed. This indicated either that a high 

cell density in the center with a resultant depleted nutrient supply 
prevented each bacterium from free movement or a chemotaxis phenomenon 
leading the bacteria along a gradient toward more available food.

Plate 4 again confirms that movements within a swarm are highly
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non-random.
Swarming of F42/JC1553 on motility (TZ) medium 

Growth events of a swarm
The procedures for transferring F42/JC1553 in motility (TZ) medium 

and for isolation of an F~ strain from the F"1" motile swarm are described 
in Materials and Methods. The number of transfers required for isolation 
an F- swarm varies from experiment to experiment.: However, the overall 
growth events can be grouped into 4 stages.

I. Early stage. This stage includes the first 2 or 3 transfers. 

Usually at the beginning of transfer, a loopful of bacteria picked up 
from a ICT^ diluted overnight PB culture was inoculated in the center 

of motility (TZ) medium. After 24 hours incubation a pink spot (with 
a diameter of about 5 mm) will appear on the plate. "First transfer" 
refers to a sample picked up from the edge of spot and transferred to 
a new plate. Usually this first transfer will appear as a pink.spot 

with a 5 mm diameter after 20 hours incubation.
In second and third transfers the swarm shows some degree of 

motility. A dark (deep pink) dot in the center surrounded (for some 
distance) by a pink and thick (high density of cells) ring. A barely 
turbid area extends outward from this ring and forms a barely visible 
edge. Sometimes red patches appear in the barely turbid area after 
the plate had been removed from the 37°C incubator and retained in room 

temperature (21°C) for a day or longer, but often not. Occasionally
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F cells were obtained when samples picked up from the edge and streaked 

on tetrazolium plates. The diameter of the swarms ranged from 7-15 mm 
in a 20 hour old motility plate.

2. Middle stage. This stage includes the next I or 2 transfers. 
The center of the swarm remains dark, a pink ring surrounds the center 
with more space between the two. Two other visible rings are formed 
at the edge of swarm. At early middle stage, red patches will be seen, 

in certain areas randomly located in the swarm but often toward the 

edge. At a later middle stage, the red patches are only located around 

the edge of a swarm (plate I). In this stage, the swarm shows a 
greater increment of swarming rate. When the plate has been removed 
from the incubator and left at room temperature for one day or longer, 

the swarm will show appreciable further growth.
Samples obtained from the red patches as well as from the white 

areas which are either between the red patches around the edge (plate 
I), or elsewhere off the center, were assayed; the proportion of Lac 
(or F~) cells in red patches ranged from 50-80% while the proportion 
of Lac- (or F-) cells in white area ranged from 0-50%. F+ cells are
found in the very outside edge as well as in.the center, this indicates

+ ’ _ that some F populations swarm as fast as the F cells in this stage.

The size of a swarm varies in different plates. Generally the diameter

is from 20-50 mm in a 20 hour old swarm plate.

3. Later stage. In this stage 2 to 3 transfers are involved.
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With each transfer the'swarming rate is greatly enhanced. Occasionally 
"flares" will extend from the major swarm area (plate 2-A). Cell types 
of 14 new flares have been determined. With one exception, all samples 
picked up from the edge of flares as well as from other areas of flares 
contain only F (or Lac ) cells. Actually the only exception contained 
85% F (or Lac ) cells. Samples from other (non-flared) leading edges 
were also assayed, most of them contain 80-95% F- populations.

4. Latest stage. I to 2 transfers are involved. If one picks 

from the new flares as a source for new transfers, one may obtain a 

completely F swarm in just one transfer. In this stage, swarming 
rate rapidly increases. The whole swarm is uniformly red. In a young 

and fresh plate (incubation less than 16 hours) it may have much more 

red color in the center, with color decreasing toward the edge. Again 
two clearly visible rings show at the edge of the swarm.

Analysis of Lac+ and Lac~ in different portions of a swarm
Lac- (or F ) cells are highly associated with the red areas in the 

early few transfers (see Page 24 - middle stage), and red coloration

usually will form after a further incubation at room temperature --

during which time other complicating events probably occur. In order 

to measure the frequencies for Lac+ and Lac- cells in fresh swarms 

the following experiments were performed.
To measure the proportions of Lac+ (F+) and Lac- (F~) cells in 

different parts of a swarm, samples from the swarms of both early
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middle stage (eg. 3-4 transfers) and later stage (eg. 4-6 transfers)
of a continously transferred culture were collected and assayed. Figure
2 shows the relative proportions of F+ and F~ populations in various
locations of different stages. Clearly, regardless of the stage of a

swarm, the proportions of populations tend to decrease from center
to ■ the edge, while the proportions of F~ cells tend to increase from

+center toward the edge. This finding indicates that the ratio of F 
and F in a swarm are dependent upon the distance from the site of 
inoculation. Although the data.of either curve of Figure 2 are obtained, 
from the measurement of but one plate, the phenomenon that the pro
portions of F cells increasing from center toward the edge has been 
observed repeatedly in many other similar swarms.

■ ,Furthermore, in a later stage swarm the proportion of F cells 
decreases rapidly between the distance 1/4 to 1/2 of a radius from the 
center, but only slightly from 3/4 to the edge in middle stage swarm. 

This suggests that as passages are carried on, F cells gradually 
accumulate and occupy a larger area in the outer part of a swarm; in 
other words, less and less F+ cells can reach the edge as transfer 
continues. This phenomenon could be attributed either to the selective 

advantage of F- cells which swim faster than their counterparts, or to 

a less efficient chemotactic ability of F+ cells, or both.

Determination of cell densities in a swarm

Figure 3 illustrates the population densities in different portions
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100-.

Relative distance to the radius
Figure 2. Proportions of Lac+ and Lac~ cells in different parts of a 

middle and a later stage of swarms. Samples were picked in 
a linear sequence from center toward an edge of a swarm, 
diluted, and plated on tetrazolium plates. The number of 
Lac and Lac colonies were counted and the relative pro
portions of Lac+ and Lac populations in each calculated. C 
represents the center; 1/4, 1/2, 3/4, I, represent the rel
ative distances away from center when compared to the radius 
of a swarm; AL represent the area immediately ahead the lead
ing edge. Solid circles represent the proportions of Lac- 
cells from a middle stage swarm and empty circles represent 
the proportion of Lac- cells from a later stage swarm re
spectively.
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of a young (eg. incubated 18 hours) and an old (eg. plate incubated

normally then left at room temperature for one day or longer) motility
(TZ) plates of a later stage swarm. Within a young swarm the most
crowded bacteria (4.2x10^ cells/ml) were found about 3/4 of a radius

from center. The densities in other areas were 4xl0^/ml, I.8xl0^/ml,
3.0x10^/ml, for the center, 1/4, 1/2 of the radius respectively. Cell

8density at the leading edge is '10 /ml, at the area just ahead of the 
edge is 2xl0^/ml. In an old plate, the highest density (3.8xl0^/ml) 
is found in the center. The overall cell densities in such a plate 
tend to decrease toward the edge. There are 3xl0^/ml, I.SxlO^ml, and 

2x10^/ml for locations 1/4, 1/2, and 3/4 of the radius respectively.

The density at the leading edge is now increased to BxlO^/ml and the 
density at the area immediately ahead of the visible ring is 4.6x10^/ml. 

From this figure we know that as a strain swarms in a motility plate 
it always maintains a very low cell density in the front of a swarm as 
long as the bacteria can swim freely. The majority of the population 

will be left behind at a distance about 3/4 of the radius of a swarm.
In this figure the data for each curve are from the measurements of 

only one plate. They are examples representing a series of similar 
experiments. It seems that cell densities are not uniform in a motile 

swarm until the bacteria are not allowed to swim further in motility

medium.
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1/4 1/2 3/4 I AL
Distance from the center relative to the radius

Figure 3. Cell densities within a young and an old late stage swarm.
Loopful (about 0.025 ml) samples were picked up from differ
ent parts along the radius of a young (eg. 18 hrs incubation) 
and an old (eg. after normal incubation, then incubation at 
room temperature for one day or longer) swarms. The sample 
was then diluted and the viable cells were assayed on nutrient 
agar plates. C represents the center; 1/4, 1/2, 3/4, I, re
present relative distances from center as compared to the 
radius. AL represents the area just ahead of the leading 
edge. Solid circles represent the F- cell densities in a 
young motility (TZ) plate. Empty circles represent the F- 
cell densities in an old motility (TZ) plate.



DISCUSSION AND CONCLUSION
From the studies of spontaneous loss of the F factor it is known 

that the rate of F loss in strain F42/JC1553 is high. The mechanisms 

of both curing and spontaneous loss, of the F factor remain unknown„ 
Several effects which can elevate the rate of spontaneous loss of the 
F factor have been reported. These include low temperature (5°C; Hirota 
1960), high temperature (43°C; Stadler and Adelberg, 1972; Hathaway 
and Bergquist, 1973), chromosomal mutation (Yamagat and Uchida, 1972),

F prime mutation (Hirota et̂  all, 1968) . All of these apparently act by 
the inhibition of the replication of the F factor. In the present study 
strain F42/JC1553 was grown at 37°C and none of the described mutations 
(either chromosomal or episomal) was present that affect the replication 
of the F factor. The high rate of F loss in F42/JC1553 may be due to 
a gene or genes other than the genes affecting the replication of the 
F factor.

During the growth of a swarm, bacteria tend to swim outward from 

the center toward the edge. Only cells near the edge at one time will 
be the immediate ancestors of the population near the expanded edge at 
a later time. Hence as the edge extends, a newly formed F . cell will 
be the initial cell of the area beyond where all offspring will accumu

late. The sectors observed in motility (TZ) medium confirm that the 

movement of cells within a swarm is highly non-random.

As a culture is passed in motility medium, one occasionally can 

see a new flare extending outward from the major area of swarm. Since
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it has moved a greater distance away from the site of inoculation 
this flare obviously contains mutants which swim faster than other 
bacteria.elsewhere in the edge of swarm. F- cells are always associated 
with the new flares. Whether the bacteria in this sector were derived 
from F which existed in the visible ring previously and had, following 
a mutation, become a fast swimming swarm, or whether they were derived 
from fast swimming F+ which suddenly lost the F factor is not known; 
either is possible. All that is indicated is that the bacteria in the 
flare are probably derived from one mutant bacterium (or bacteria).

F cells were found with a high frequency in the leading edge of 
a growing swarm where the cell density is as high as 10^/ml. This 

concentration is far beyond the cell concentration with which cell re

infection will occur. Perhaps the semisolid agar provides a different 
environment which either allows more cell contact without reinfection 

or greatly reduces cell contact. The cell density in the area just 
ahead of the visible ring is low (2xl0^/ml); this limits cell contact 
in the leading area.

From the overall studies, the reason why one can readily isolate 
an F~ from F+ motile swarm is partially answered. Several factors are 

involved in this phenomenon. A high rate of loss of the F factor will 
generate a large marker of F- cells within an F+ population. ' The non- 

random movement of swimming bacteria will result in geographical 

isolation. The selective advantage of F- cells which tend to swim
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faster toward the edge, plus the low cell concentration in the front 

of a swarm and the limiting cell contact in a semisolid agar will 
automatically minimize the possibility of reinfection in motility 
medium and thereby contribute to the increase in F~ cells on the edge

of swarms..



SUMMARY
A phenomenon observed in E_. coli K-12 is that one can readily

isolate an F~ cell from the edge of an F+ population, in a swarm. The
present study attempts to assess the role of various factors possibly
responsible for this phenomenon.

In these experiments a method to visualize the formation of F~

populations within motile swarms of F+ cultures in motility medium was
developed. The new technique employed the following two aspects: (I)
Lactose and 2,3,5-triphenyl tetrazolium chloride as an indicator were

added to the motility medium; thus any zone of Lac cells will be red

while Lac+ cells will be white. (2) A recA” Iac-ZF1-Iac+ merodiploid r ---  ---
(F42/JC1553) was used in which the Iac+ gene marked the fertility 
factor, and the former was prevented from crossing over to the bacter 
rial chromosome by the presence of the recA gene; thus any Lac- 
phenotypes which arise in a Lac+ strain will represent the loss of the 

fertility factor.
In this strain, the rate of F factor reinfection in unagitated, 

liquid culture is!estimated to be 0.08 percent where the cell concen
tration is SxioVihl for both F+ and F- cells. The cell density at the 
area just ahead of the visible edge of a swarm is found to be less than 

5x10V m l ; this is the generative part of the swarm giving rise to the 
majority of cells in subsequent enlargements of the swarm. Further
more, the movement of cells in the swarm is highly non-random; that is, 

related cells tend to be associated in the same sector. The low cell
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concentration experienced by'ancestors of swarm edge cells together 
with the geographical isolation of clones within a swarm automatically 

minimizes the probability of reinfection of newly arisen F~ clones.
During the formation of a swarm most initial "flares" that extend 

beyond the major swarm area contain only F- cells; thus either selec
tion of F- cells per se or enhanced loss of F factor in fast cells or 
both are involved. Since selection (faster swimming of F- cells) has 
been demonstrated elsewhere, this is probably the important factor here.

The basic rate of spontaneous loss of the fertility factor at
—337°C in a liquid medium is about 3x10 losses per cell division. The

high rate of spontaneous loss of the F factor, the selective advantage
of F- cells, and the minimization of reinfection in swarms seem to be

the major factors responsible for the ease with which F- cells can be
+isolated from F swarms.
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Plate I. 
Plate 2.

Plate 3. 
Plate 4.

A swarm (at middle stage) in a motility (TZ) medium.
A swarm (at later stage) in a motility (TZ) medium. A 
flare is represented by A.
Sectors of different swarms in a motility (TZ) medium. 
Direction of swarming in a motility (TZ) plate. Dotted line 
represents a preceding leading edge of MSU2002. Letters A-D 
represent the place where MSU2000 were inoculated.
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